A muon-jet (µ-jet) is a very special feature that consists of a cluster of collimated muons from the decay of a fast moving light particle of mass about O(1 GeV). We will use this feature to search for very light particles from rare decays of the Higgs boson. For such a small angular separation of muons which might come from a long-lived particle, both ATLAS and CMS could have the displaced-vertexing-reconstruction capability. We use two simple models of the Higgs-portal type to explore the possibilities of event topologies with two 2µ-jets, one 2µ-jet & one 4µ-jet, and two 4µ-jets in the final state at LHC-14. We also summarize existing constraints on these models.
I. INTRODUCTION
A lepton-jet is an object that consists of a group of boosted and collimated leptons. It is a unique signature for the leptonic decay of a fast moving light particle in the mass range below about 1 GeV [1] , where it was discussed in the context of light scalar bosons and gauge bosons from the dark sector.
In these dark-sector models, the Higgs boson can be connected the dark sector via Higgsportal type interaction: (Φ † Φ)(S † S), where Φ is the standard model (SM) Higgs field and S is the scalar field in the dark sector. When both the Higgs field and S develop vacuum expectation values, the Φ and S mix to form mass eigenstates, and the Higgs boson can decay into a pair of the scalar bosons if kinematically allowed. In some models, the dark sector can also be connected with the SM particles via Z − Z mixing. In either scenarios, when the dark scalar bosons or gauge bosons are very light, say below 1 GeV, they will decay into the heaviest SM particles if kinematically allowed. For example, a 500 MeV scalar boson decays, via the mixing with the SM Higgs boson, can decay into a pair of muons, pions, electrons, or photons. The dominant modes would be pions and muons. In some other scenarios when there is a broken U (1) global symmetry in the dark sector, the scalar boson can also decay into a pair of Goldstone bosons [2] . A UV complete model, which can have one light pseudoscalar resonance (a 1 ) decaying into a pair of muons, is the next-tominimal supersymmetric standard model (NMSSM) [3] . Both the dark-sector models and the NMSSM have been frequently explored in the LHC experiments: ATLAS [4] and CMS [5] .
In this work, we focus on the search for muon-jets from the decay of very light particles so as to identify the existence of dark sectors that are connected to the SM via the Higgsportal. For simplicity we only consider the dark-sector models that contain either a real SM-singlet scalar field X or two real SM-singlet scalar fields X 1 and X 2 , without imposing any extra symmetries. The dominant decay modes of the scalar boson of O(1 GeV) would then be pions and muons. It is the muons in the decay products of a fast-moving light scalar boson that form a muon-jet, for which we are searching for in experiments as a signature of the existence of very light scalar bosons. Such a light scalar boson, which originates from the mixing with the SM Higgs boson, can appear in the decay of the Higgs boson. Since the constraints on the mixing for such a light scalar boson with the SM Higgs boson are very strong, which we will show, the very light scalar boson might be a long-lived neutral particle and so we might observe a displaced decay vertex in detectors. We are therefore interested in rare decays of the Higgs boson into a pair of very light scalar bosons of mass about O(1 GeV), each of which in turns directly decays into a pair of collimated muons or in a cascade decay into another pair of light scalar bosons, then each of them decays into a pair of collimated muons. Let us denote a muon-jet with n collimated muons in it by nµ-jet, e.g., a 2µ-jet is a muon-jet with 2 muons and a 4µ-jet is a muon-jet with 4 muons. Thus, the final states can consist of three different types of combinations :
(1) two 2µ-jets back-to-back in the transverse plane;
(2) one 2µ-jet on one side and one 4µ-jet on the other side;
(3) two 4µ-jets on opposite sides of the transverse plane.
The model can be made further complicated by invoking additional light scalar bosons or gauge bosons in the dark sector such that the decay chain can involve more dark sector particles. At the end, each lepton-jet can consist of more than four leptons, like 6, 8, or more.
These lepton-jets would be very interesting objects to search for in experiments because they are clear signals of new physics. The experimental resolution to tell the number of leptons in a lepton-jet becomes an important issue. Here we only consider two simple cases of two muons inside a muon-jet and four muons inside a "fat" muon-jet. We also compare these two cases to distinguish between whether the final state muon-jet is produced from direct decay of a light scalar boson or in a cascade decay.
The main goal of this work is to investigate the capability of the LHC detectors (especially the ATLAS because of its size) of observing muon-jets in search of rare decays of the Higgs bosons into a pair of very light bosons, which may decay directly into muon-jets or indirectly via subsequent decays into other lighter bosons. We found that if the light Higgs boson heavier than about 0.3 GeV, the ATLAS detector has a good chance of seeing that.
We would like to reminder the readers that the model considered in this work is only a toy-model of the Higgs-portal type models. The other popular models such as dark-Z and dark-photon fall in the same category of models in the present context. Nevertheless, the search for dark-photon or dark-Z also includes the electron-jets and pion-jets. The choice depends on the branching ratios and also the capability of the detector. In the present work, we simply focus on the best capability of observing muon-jets using the tracker and muon spectrometer at the ATLAS or CMS detector.
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The organization is as follows. We describe two simple Higgs-portal models in the next section, and in Sec. III the existing constraints on these two models. These constraints are quite generic on many models of this kind. We consider some kinematical distributions at the LHC for some benchmark points in Sec. IV and highlight the potential search at LHC-14 with 300 f b −1 in Sec. V. Finally, we conclude in Sec. VI.
II. HIGGS-PORTAL MODELS
A. Higgs-portal Model-1 : Only one light scalar h s
Here we employ a Higgs portal model in which the SM Higgs field Φ can mix with a real scalar field X. This additional scalar field does not have any SM interactions. We also impose a Z 2 symmetry which Φ is Z 2 − even and X is Z 2 − odd before both the Higgs field and X develop vacuum expectation values. The renormalizable Lagrangian density for this model is given by
where the Higgs sector in the L SM is
After the electroweak symmetry breaking (EWSB), the SM Higgs doublet field Φ is expanded around its vacuum-expectation value:
where φ ≈ 246 GeV. The X is also expanded around its vacuum-expectation value χ :
,
where we have restricted m hs 1 GeV. 1 Here ππ includes both π + π − and π 0 π 0 , and
Since the tree-level estimate of Γ(h s → ππ) is not adequate when m hs is not far from the pion threshold, where the strong final-state interaction becomes important [8, 9] , so we follow Ref. [8, 9] for numerical estimates of Γ(h s → ππ). We show the branching ratios of the scalar boson h s for the two most dominant modes µ + µ − and ππ in Table I for m hs = 0.3 − 1 GeV. 1 Even though the major decay mode of m hs = 0.3 − 1 GeV is ππ mode,we still focus on the analysis of
Since the resolution of muons are better than pions and the analysis of ππ mode has been researched in Ref. [2, 7] .
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B. Higgs-portal model-2 : Two light scalars :
We can extend our Higgs-portal model-1 to include two real scalar fields X 1 and X 2 , which can mix with the SM Higgs field but do not have any SM interactions. We also impose a Z 2 symmetry which Φ is Z 2 − even and both X 1 , X 2 are Z 2 − odd before these Higgs field, X 1 and X 2 develop vacuum expectation values. The renormalizable Lagrangian density for this model is given by
where φ ≈ 246 GeV. Both X 1 and X 2 are also expanded around their vacuum-expectation values χ 1/2 :
Three tadpole conditions can be written down using ∂V /∂φ = 0, ∂V /∂χ 1 = 0, and ∂V /∂χ 2 = 0, where V is the scalar potential part of Eq. (12):
Taking the decoupling limit λ ΦX → 0 from the above equations, we recover the SM condition
It is easy to see that the Higgs boson φ will mix with these two new scalar bosons χ 1 and χ 2 to form mass eigenstates denoted by h, h D 1 and h D 2 , respectively. The mass terms for the Higgs boson and these two new scalar bosons are
where we set χ 1 + α χ 2 ≡ χ α and
where θ 1,2,3 is the mixing angle between φ and χ 1 , between φ and χ 2 , and between χ 1 and χ 2 , respectively. C θ i stands for cos θ i and S θ i stands for sin θ i . If we assume both χ 1 and χ 2 mixings with φ are very small (θ 1 , θ 2 are very small), then it implies that λ ΦX is small compared to other parameters. Thus, the masses of the Higgs boson h and two scalar
and the interaction governing
and 
, then we can use this property to pin down the decay width of h D 1 as
The properties of the other scalar boson h D 2 are the same as the scalar boson h s in Higgs portal model-1. Thus, the partial widths for h D 2 → + − and h D 2 → ππ are given by [6] 
where we have also restricted m h D 2 1 GeV.
III. CONSTRAINTS
There are a number of existing constraints on these two Higgs-portal models. All these constraints are quite generic for any light scalar boson, which is originally a SM singlet but mixes with the Higgs boson and thus can decay into SM fermions and the Higgs boson can decay into a pair of such scalar bosons.
The first constraint comes from a global fit to the Higgs signal strengths and it constrains the nonstandard decay of the Higgs boson to be less than 0.94 MeV using the most current data in Summer 2014 [10] . The partial width for h → h s h s is
It gives a relation
For the Higgs-portal model-2, we can use the same method to constrain various partial
(33)
Another set of constraints come from the decays of B mesons [12, 13] summarized in Ref. [11] .
• For 100 MeV < m hs < 210 MeV the scalar boson h s can only decay into a pair of electron and positron but the decay length is so long that it leaves no track or energy within the detector. The search for B → K + invisible and fixed target experiments constrain sin 2 θ 10 −8 .
• For 210 MeV < m hs < 280 MeV the scalar boson h s can decay into a pair of muons, fixed target experiments and the search for B → Kµ + µ − in LHCb and B factories constrain sin 2 θ 10 −10 .
• For 280 MeV < m hs < 360 MeV the same experiments constrain sin 2 θ 10 −10 , except for a window between 10
• For 360 MeV < m hs < 4.8 GeV the experimental search for B → Kµ + µ − in LHCb and B factories constrain sin
For the constraint of B → Kµ + µ − , we follow Ref. [11] and use the formula
where l xy is the maximum reconstructed transverse decay distance from the beampipe, γ, βc and τ are the boost factor, speed, and lifetime of h s .
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We summarize all these constraints in Fig. 1 . Here we also plot beyond the limit of the displaced muon reconstruction for decay length ∼ 6m in the ATLAS (the orange region) and ∼ 4m in the CMS (the yellow region) for our analysis below. Existing constraints on the Higgs-portal model-1 in the plane of log 10 sin 2 θ vs m hs . The green region is for m hs < 280 MeV which is ruled out by fixed target experiments, B → K+invisible and B → Kµ + µ − . The gray one for 280 MeV < m hs < 360 MeV, and the red one for 360 MeV < m hs < 1 GeV, which are ruled out by fixed target experiments and B → Kµ + µ − in B factories. The black region for 280 MeV < m hs < 1 GeV which is ruled out by B → Kµ + µ − in LHCb [12, 13] . The orange and yellow regions show beyond the limit of displaced muon reconstruction for the ATLAS and CMS detector, respectively. The white region then stands for the allowed parameter space and possible muon reconstruction inside detectors. The solid lines are contours of various decay widths of h s .
The third constraint, which is specific to the two 2µ-jets case, comes from the recent search of h → 2a → 2(µ + µ − ) + X by the CMS at the 8 TeV LHC [15] , where a is a light scalar or pseudoscalar in the mass range of 2m µ < m a < 2m τ . The search limits at the 95% CL is
where data is the experimental data efficiency, m µµ is the dimuon mass and L = 20.7f b −1 3 .
We follow closely the analysis performed in Ref. [15] at the 8 TeV run with σ(pp → h) = 19
pb [19] . The branching ratio for B(h s → µ + µ − ) is shown in Table I , and the branching
, where Γ 
IV. KINEMATICAL DISTRIBUTIONS FOR THESE HIGGS PORTAL MODELS WITH BENCHMARK POINTS
A lepton-jet is a very special and unique object at colliders. In the Higgs-portal models considered in this work, the light scalars can decay into leptons and pions. We focus on the 2 or 4 muons modes in this work. Taking into account the constraints that we have presented in the previous section, we explore the signatures for a few possible benchmark points for the Higgs-portal model-1 and -2, and also show the characteristics of 2µ-jets or 4µ-jets in the final state.
While we collect most of the kinematic distributions in appendix, here we only illustrate the distributions which are the most relevant to the muon-jets, namely, the angular separation among the muons within a muon-jet.
A. Higgs-portal model-1
In the Higgs-portal model-1, there is only one light scalar boson in the dark sector. The dominant muon-jet process comes from gluon fusion into the Higgs boson, followed by the Higgs decay into a pair of light scalar bosons, h → h s h s . Finally, each h s decays into a pair of opposite-sign muons. The Feynman diagram for this process is shown in Fig. 2 .
The final state of this signal process consists of four muons, which are organized into two Table II . Here we also include the estimates of the lab-frame decay length (γcτ ) for h s , where γcτ ≈ 2 R × cτ and R ≈ 2m hs /P T hs . While we display most distributions in appendix, here we show the distribution for the opening angle ∆R µ + µ − for a pair oppositely-charged muons inside a muon-jet in Fig. 3 for each benchmark point.
The cross section for two 2µ-jets in Higgs-portal model-1 is
where for 14 TeV σ(pp → h) = 49.97 pb [19] . Figure 4 shows the distribution of ∆R µ + µ − versus the invariant mass of the muon pair for each benchmark point in Higgs-portal model-1. We can clearly see that the opening angle for the dimuon pair is of order O(0.01). As the mass of h s increases the opening angle ∆R µ + µ − between the two muons becomes wider, because the opening angle roughly scales as m hs /p T hs . 
Event Topologies
In the Higgs-portal model-2, there are two light scalars h D 1 and h D 2 in the dark sector.
The dominant muon-jet processes come from gluon fusion into the Higgs boson, followed by the Higgs decays into two light scalars: The most updated fits to the Higgs boson signal strengths [10] restrict the couplings 
. Each pair of parentheses represents a muon-jet. of λ ΦX and α as follows:
We list the benchmark points for each case in Table III . We shall also display the p T and η distributions of the benchmark points for case 1 with final states of 4, 6, and 8 muons in appendix.
Simulations
The Higgs-portal model-2 can produce 4, 6, or 8 muons in the final state with event topologies TP1, TP2, and TP3. Since the muons originate from the 125 GeV Higgs boson, the more the muons in the final state, the lower the transverse momentum p Tµ for each muon will be. Therefore, we would not get very energetic muons in the final states with multimuons. The topology TP1 with two 2µ-jets in the final state suffers from the constraint of the CMS search [15] just like the Higgs-portal model-1. The other two topologies TP2
and TP3 containing one or more 4µ-jets , each of which is made up of four muons, and so the p T of each muon is softer than that of each 2µ-jet. At the LHC, both ATLAS and CMS experiments can detect collimated and soft muons [15, 20] . In this work, we use the muon detection efficiency for soft muons (muons with p T < 10 GeV) for ATLAS experiments [21, 22] in the fast detector simulation with Delphes. We use MADGRAPH v.5 [23] with parton showering by Pythia v.6 [24] , detector simulations using Delphes v.3 [25, 26] , and the analysis tools by MadAnalysis5 [27] .
The muon-jet in our Delphes simulation is defined as [20, 28] : Starting with the hardest muon we collected all muons within ∆R = 0.1 around it and added their 4-vectors to the muon-jet. This was repeated until no further muons were found within ∆R = 0.1 around the muon-jet 4-vector. This same 4-vector was then used to define the isolation cone 0.1 < ∆R < 0.4. Here we collected the muon candidates as: within a cone of ∆R < 0.001 the maximum transverse momenta sum of all charge tracks with P T > 0.5 GeV but the muon one is P T < 2 GeV . Then we use kinematic cuts to check if two (or four) muons will survive the ∆R µ + µ − < 0.3 (or ∆R 4µ < 1) cut.
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We are going to perform simulations for the final-state topologies of TP1, TP2 and TP3 in case 1 of the Higgs-portal model-2. Note that the choice of parameters in case 1 allows all three event topologies. In the Higgs-portal model, the light scalars comes from the Higgs boson decay, thus the Higgs-mass-window cut can be used to separate the signal from backgrounds. We show in the appendix the invariant mass of µ−jets for case 1 of the Higgsportal model-2 to illustrate the Higgs-mass window in three final-state topologies TP1, TP2 and TP3.
Angular Separation, Invariant mass and Cross Sections
The cross sections for two 2µ-jets (TP1), one 2µ-jet & one 4µ-jet (TP2), and two 4µ-jets (TP3) are given by
The cross sections for three different event topologies for all benchmark points are listed in Table IV . In all three cases of the Higgs-portal model-2, the branching ratio
is about 100%. The main difference among the three cases lies in the coupling In Fig. 6 , we show the opening angle ∆R µ + µ − distributions for a pair of oppositely-charged muons inside a muon-jet in different final-state event topologies TP1, TP2, and TP3. We each 2µ-jets there is only one pair of oppositely-charged muons in the jet cone, and so the angular separation ∆R µ + µ − will enlarge with increases in the mass. For each 4µ-jet there are two pairs of oppositely-charged muons inside the jet cone, and therefore the 4µ-jet is "fatter"' than the 2µ-jet. The event topology TP2 can come from the Higgs decay into h D 1 and h D 2 . We can see that the ∆R µ + µ − distribution has a sharp peak plus a long tail. The sharp peak comes from the decay h D 2 → µ + µ − , which coincides with the first peak of TP1.
On the other hand, the long tail comes from the decay
which half of the times the wrong pair of oppositely-charged muons are grouped together.
V. SENSITIVITY REACH AT THE LHC
The most important question is how many events for this kind of nonstandard decays of Higgs boson that the LHC-14 with 300f b −1 can probe via these collimated muon-jet objects.
Since these topologies in the final state have very little background, we shall estimate the background event rates after applying successive levels of cuts, and then calculate the signal event rates at 95% CL. For detector efficiencies of these multimuon-jets final states, we follow Ref. [29] for the non-prompt decay of light scalar bosons.
The major background after selection cuts dominantly comes from the charmonium and 20 bottomonium production. Multiple muons can come off cascade semileptonic or leptonic decays, which are taken as non-prompt. There could easily be 4 or more muons in the final state. On the other hand, multiple muons which come from the low-mass Drell-Yan process pp → Z/γ * → 4µ and the one via Higgs boson production pp → h → ZZ * → 4µ and even tt production are taken as prompt. They are totally suppressed by the selection cuts. The event rates for various backgrounds are very low. We shall show them momentarily.
In Ref. [29] , the ATLAS Collaboration searched for lepton-jets in the 8 TeV data with a luminosity of 20.3f b −1 in two different FRVZ models [1] , which predict non-SM Higgs boson decays into lepton-jets. The process for the first model is
where f d 2 , γ d and HLSP are the hidden fermion, the dark photon and the hidden lightest stable particle in the first FRVZ model. The final state of this model consists of two 2µ-jets + mET. The process for the second model is Since the final states of our Higgs-portal models are similar to these two FRVZ models except for the mET, we will use the relevant reconstruction efficiencies and muon trigger efficiency to simply estimate the detector efficiencies for the non-prompt decay of light scalar bosons. For the reconstruction efficiencies, we use 10% for the 2µ-jet case and 20% for the 4µ-jet case for our benchmark points. For the muon trigger efficiency, we also use 40% for
We summarize the detector efficiencies for different topologies TP1, TP2 and TP3 as follows
We first look at the Higgs-portal model-1 with only one light scalar h s . The scalar h s can decay into a pair of collimated muons. Therefore, the final state consists of two 2µ-jets, corresponding to the topology TP1. We show the observable events in Table V for benchmark points in Table II at LHC-14 with 300f b −1 . The number of events decreases gradually from 114 at m hs = 0.4 GeV down to 2 at m hs = 0.9 GeV, which is mainly because of the decrease in branching ratio B(h s → µ + µ − ) (see Table I ). Note that the decay lengths of h s for m hs = 0.4 − 0.9 GeV are longer than the criterion of prompt decay length (0.15 mm), and so we use detector efficiencies of non-prompt decay for m hs = 0.4 − 0.9 GeV.
However, for m hs = 1.0 GeV the decay length is shorter than 0.15 mm and thus considered prompt decay, and we use the efficiencies for prompt decays. 5 The number of events rises to 6 for m hs = 1.0 GeV. Next we consider the Higgs-portal model-2. Since the number of parameters involved are many, we first fix µ HD which controls the branching ratio Fig. 7 for fixed m h D 2 = 2.5 GeV with various values of µ HD . For µ HD = (1.0 − 1.5) × 10 −3 the branching ratio is almost above 0.99 in the mass range shown.
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5 Since the efficiencies for the decay length around 0.15 mm between non-prompt and prompt decays are a complicated continuous function, here we just want to simply show the major differences of numerical values between these two kinds of efficiencies. 6 We used the same selection cuts as in Table VII 
GeV. The purpose of the graph is to show how large µ HD is required to give a branching ratio larger than 0.99 for m h D 2 = 2.5 GeV.
The topology TP2 (one 2µ-jet and one 4µ-jet) and topology TP3 (two 4µ-jets) can come from case 1, 2 and 3 of the Higgs-portal model-2. We show the observable events in Table VI for benchmark points in Table III We can now compare the sensitivity reach by the topologies TP1, TP2, and TP3. The more muons to be seen, the higher the price has to be paid for detection efficiency. Nevertheless, the signature of one 2µ-jet and one 4µ-jet in the final state is one of the most striking decays of the Higgs boson that we can imagine. It implies the existence very light particles involved in the decay chain. Similarly, two 4µ-jets in the final state also signal multiple light scalar bosons in the dark sector.
First, we start from the Higgs-portal model-1. After adding all the constraints described in Sec. III shown in Fig. 1 , we can further use the 95%CL upper limits (roughly Z = 2) in our analysis of LHC-14 with 300 fb −1 to show the sensitivity reach for χ = 10 GeV and for χ = 100 GeV in Fig. 8 . Note that in Fig. 8 the orange and yellow regions show beyond the limit of the displaced muon reconstruction for decay length for ATLAS and CMS, respectively. The gray hatched region is where our analysis can cover. We can see from these figures, LHC-14 with 300 fb −1 in our analysis could cover all the parameter space While the parameter space in the plane of log 10 sin 2 θ vs m hs for the Higgs-portal model-1 depends on the choice of χ , we can also show the parameter space in the plane of log 10 |λ ΦX | vs m hs in Fig. 9 , which is independent of the choice of χ . 9 This plot can allow us to have more direct comparison with the plots for Higgs-portal model-2.
Next we can use the similar approach to show the parameter space in the plane of log 10 |λ ΦX | vs m h D 2 for case 1, 2 and 3 in the Higgs-portal model-2 in Fig. 10 . An interesting observation is that there are some crossovers among different hatched regions in the figure of case 2. To further explore this property, we fix m h D 2 = 0.5GeV and vary different values of |α| in the plane of log 10 |λ ΦX | vs |α| in Fig. 11 . We can see when |α| 0.18 the best sensitivity reach of LHC-14 with 300 fb −1 is using the TP3 topology, then in the range of 0.18 |α| 0.24 turns out to be TP2, finally after |α| 0.24 the best reach is given by TP1. Such a feature can also be observed for other values of m h D 2 . Another observation is that when |α| becomes small, the constraint on |λ ΦX | will also be less stringent. In the Higgs-portal model-1 that we considered, the final state consists of two 2µ-jets.
The current experimental search for such a final state has put on it a tight constraint, such that the allowable cross section becomes very small. On the other hand, in the Higgsportal model-2 that we considered the final-state event topologies can have (i) two 2µ-jets the angular separation of the oppositely-charged muon pair, which show interesting features that can help distinguishing various topologies. Thus, it helps to pin down the masses of the underlying light scalar bosons.
Before we close we offer the following comments.
1. Since the topologies TP2 and TP3 still allow sizeable cross sections and almost back- ground free, we encourage our experimental groups to focus on these kind of final states and these results will let us know more about the structure of more general dark sector. 
For the Higgs
jet by one on-shell and one off-shell h D 2 which will have different substructure inside 4µ-jet from the case of m h D 1 > 2m h D 2 , but its cross section is also suppressed.
4. In this work we just investigated the signatures of 2µ-jets and 4µ-jets for three different final-state event topologies. However, if we take into account the three-body decay of
, then we will have more different finalstate event topologies, including 6µ-jets, which can enrich the analysis but are seriously suppressed by the phase space.
5. Our simple models are quite generic for any more complicated models, which include 28 either one or more very light scalar bosons mixing with the SM Higgs boson. There are at least one long-lived neutral particle(s) in this kind of models, which are still testable below 1 GeV for both the ATLAS and CMS as shown in Fig. 1 . Therefore, we encourage our experimental groups to perform the analysis of real detector effects of the displaced muon reconstruction efficiency of this kind of scenario to further confirm this possibility.
We have demonstrated that the existence of muon-jets such as 2µ-jets or 4µ-jets would signal the presence of very light scalar bosons, perhaps coming from dark sectors. We therefore suggest our experimental colleagues to look into the nµ-jets with n > 2. The findings of such objects are definitely signals of new physics and help us to understand the dark sector connecting to the Higgs sector.
Appendix A: Kinematical Distributions
Here we collect all the kinematical distributions for model-1 and model-2 In the Higgs-portal model-1, there is only one light scalar boson in the dark sector. We display the benchmark point m hs =0.5 GeV to show the p T and η distributions in Fig. 12 for the final state of two 2µ-jets, and the invariant mass distribution M µ + µ − and the opening angle ∆R µ + µ − for a pair oppositely-charged muons inside a muon-jet in Fig. 13 for each benchmark point.
Higgs-portal model-2
We have explained the various event topologies in the current work and they are 1. TP1: two 2µ-jets, 2. TP2: one 2µ-jet and one 4µ-jet, and 3. TP3: two 4µ-jets.
Note that the choice of parameters in case 1 allows all three event topologies. We show the p Tµ and η µ distributions for TP1, TP2, and TP3 using the case 1 parameters for the Higgs-portal model-2 in Fig. 14. In the Higgs-portal model, the light scalars comes from the Higgs boson decay, thus the Higgs-mass-window cut can be used to separate the signal from backgrounds. In Fig. 15 , we show the invariant mass of µ−jets for case 1 of the Higgs-portal model-2 to illustrate the Higgs-mass window in three final-state topologies TP1, TP2 and TP3.
In Fig. 16 , we show the invariant mass distribution M µ + µ − for a pair of oppositely-charged muons inside a muon-jet in different final-state event topologies TP1, TP2, and TP3. We The pixel detector of ATLAS or CMS is made up of a few layers of silicon pixels organized at radii of about a few cm to about 10 cm [18] . The spatial resolution of the pixels ranges from 10 − 100µm depending on direction. Taking conservatively 100µm as the spatial resolution and divide it by the radius of the tracker, the angular resolution is of order 100µm/10cm ∼ 10 −3 . This resolution is already better than the angle 0.01 that we estimated above, so that the pixel detector can separate the very collimated muon-jet that we consider in this work.
However, there is no guarantee that the pattern recognition algorithms would be able to reconstruct two distinct tracks, especially in the presence of large number of pile-up events.
Besides the inner pixel detector, the muon spectrometer is also very important to identify and measure the momentum of muons. The design of muon spectrometer in ATLAS and CMS is different. The Muon Spectrometer of ATLAS is large in size but low in magnetic field. The advantages of this kind of design are its excellency in stand-alone capabilities and safer for high multiplicities. Thus, the ATLAS muon detector performance is excellent over the whole η range and its resolution is nearly constant with η. On the other hand, the CMS muon spectrometer is smaller in size but high in magnetic field. The advantages of this kind of design are its superior combined momentum resolution in the central region and muons can be tracked and pointed back to the primary vertex. Therefore, the CMS muon performance driven by the tracker is better near η ∼ 0. We specifically describe the ATLAS muon spectrometer in the following. It is an extremely large tracking system, 
